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SUMMARY OF ROLL CONTROLS  APPLICABLE 
TO FIN-STABILIZED VEHICLES~ 
By Eugene D. Schult 
SUMMARY 
This paper discusses the roll ing effectiveness of deflected fins,  f laps,  
spoi le rs ,  and je t  devices  which may be employed on f in-s tab i l ized  vehic les .  
The possible applications and some of t he  s ign i f i can t  f ac to r s  a f f ec t ing  the  
performance  of  each  device are described. The experimental information has 
been published previously and was obtained chiefly from f r ee - f l i gh t  t e s t s  o f  
f in -s tab i l ized  vehic les  a t  Mach numbers  up t o  approximately 2.0. Comparisons 
are made i n  some cases w i t h  exis t ing theory,  which i s  a l s o  r e l i e d  upon t o  ind i -  
cate  t rends where data  are  not  avai lable .  
INTRODUCTION 
The National Aeronautics and Space Administration has devoted a p a r t  of 
i t s  research program t o   t h e  problem of controll ing slender,  high-speed vehicle 
configurations.  A port ion of t h i s  program which may be of i n t e re s t  t o  des igne r s  
of f in -s tab i l ized  vehic les  i s  the study of the effectiveness of various control 
devices  a t tached  to  the  f ins  o r  body of a model to  in t roduce  roll i n  t h e  f l i g h t  
path. The purpose of the present paper i s  to  discuss  possible  appl icat ions of  
def lec ted  f ins ,  f laps ,  spoi le rs ,  and a i r  je ts  and t o  review briefly some of the  
s ignif icant  factors  that  affect  their  performance.  Theory i s  heavi ly  re l ied  
upon t o  i n d i c a t e  t r e n d s  where experimental  data are not available.  Because  of 
the  vas t  amount o f  e f fo r t  which has been devoted t o   t h e  problem of controls ,  
th i s  paper  can  i l lus t ra te  on ly  a few highl ights .  For more complete information, 
the reader i s  re fer red  to  the  b ib l iography of reference 1 and to  r e fe rences  2 
t o  51. 
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roll damping-moment coeff ic ient  per  radian of helix angle 
rolling-moment coefficient per degree of control  def lect ion 
f i n  chord i n  streamwise plane, f t  
control chord i n  streamwise plane, f t  
f in  root  chord at  fuselage juncture ,  f t  
body diameter, f t  
projected height of spoi le r  above f i n   s u r f a c e ,   f t  
polar  mass moment of i n e r t i a  of model, s lug-f t2  
exponential constant, sec-1 
Mach number 
r o l l i n g  moment due t o  c o n t r o l ,  f t - l b  
negative couple due t o  model i n e r t i a ,  f t - l b  
negat ive rol l ing moment due t o  damping, f t - l b  
number of f i n s  
rol l ing veloci ty ,  radianslsec 
ro l l ing   acce le ra t ion ,  dp/d-r, radians/secZ 
f in- t ip  hel ix  angle ,  radians 
free-stream dynamic pressure, i+V2, lb/sq f t  
planform area of a l l  f i n s  t o  c e n t e r  l i n e ,  sq f t  
t o t a l  planform area of a l l  c o n t r o l  s u r f a c e s  t o  c e n t e r  l i n e ,  sq f t  
planform area of two f ins  (one  p lane)  to  center  l ine ,  sq f t  
f in  th ickness ,  f t  
forward velocity,  f t /sec 
longi tudinal  dis tance from f in  l ead ing  edge t o  s p o i l e r ,  f t  
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control-surface deflection measured i n  streamwise plane, deg 
stream density, slugs/cu ft  
time,  sec 
steady-state t ime lag 
flap trail ing-edge angle measured between upper and lower f lap  sur -  
f aces  in  the  streamwise plane, deg 
A prime ( ' )  after a symbol indicates that  the value has been nondimension- 
a l i zed  by dividing it by the value for  A = 2. 
DISCUSSION 
Statement of t h e  Problem 
For simplici ty ,  it i s  customary when dealing with pure r o l l  of a finned 
vehicle  to  express  the rol l ing effect iveness  of the control device i n  terms of 
the helix angle generated by t h e  f i n  t i p s .  From the  hel ix  angle  it i s  then 
possible to determine the roll displacement per foot of range. 
In  o rde r  t o  ga in  a common understanding of the terms employed, reference 
i s  made t o  f i g u r e  1. The cont ro l  in  th i s  case  cons is t s  of canted f ins  a11 
equal ly  def lected to  obtain pure roll. 
The resu l t ing  moments are given by the  
following  equations : 
Fin-lip helix path 
Figure 1.- The finned vehic le  in  pure 
r o l l .  
A summation of these moments set equal t o  zero yields  the usual  solut ions for  
both steady-state and t rans ien t  roll conditions. In  steady-state roll ($ = 0) ,  
the helix angle per degree of control deflection reduces to the simple 
expression: 
pb/2V - "6 - - -  
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from which t h e  r o l l  displacement per foot may be obtained by solving for  p/V. 
Equation (4 )  shows the helix angle independent of f i n  s c a l e ,  whereas the  ro l l i ng  
ve loc i ty  var ies  inverse ly  with scale .  The s ide  e f f ec t s  of a l t i t u d e  o r  dynamic 
pressure on the hel ix  angle  are  not  apparent  here  unt i l  the  possible  f in  dis tor-  
tions caused by control  or f in  a i r  loads are  considered.  These so-called aero- 
e las t ic  effects  are  f requent ly  encountered with f lap- type controls  and will be 
examined Further when th i s  con t ro l  i s  discussed. 
Roll-response considerations.- The t ime lag for  the vehicle  to  reach some 
design level  of r o l l  r a t e  i s  frequently of i n t e re s t .  In  th i s  connec t ion  the  
t ransient  solut ion given by the fol lowing equat ion i l lustrates  the factors  which 
affect  the response history: 
where 
and  time T i s  given  in  seconds.  For a given  configuration  the  speed of 
response i s  r e l a t ed  bo th  to  the  magnitude of the control  input  C 2 6 6  and t o  
the terms in the exponential  constant k. The time t o  reach some i n i t i a l  l e v e l  
of r o l l   r a t e  i s  la rge ly  a function of the control  input  s ince the input  deter-  
mines t h e  i n i t i a l  r o l l  a c c e l e r a t i o n .  On the other  hand, the t ime to reach the 
f ina l  s teady-s ta te  condi t ion  i s  a function only of k,  which  depends on f l i g h t  
condi t ions and the detai ls  of the basic configuration. The present paper will 
include some e f f e c t s  of changes in  configurat ion on the steady-state t ime lag.  
Types of controls and possible applications.-  O f  the conventional control 
types ,  the  def lec ted  f in  i s  s t i l l  regarded as the simplest  and most e f f i c i e n t  
aerodynamic device for producing roll.  Other control arrangements are there- 
f o r e   j u s t i f i e d  only when necessary  to  satisfy certain design requirements for 
par t icu lar  appl ica t ions .  If these requirements, for example, ind ica te  a  need 
fo r  a fair ly  constant  rol l  ra te  over  the speed range or  for  a device which pro- 
v i d e s   r o l l   i n   b u t  one d i rec t ion  even i n  a reversed flow of propellant gases, 
then it appears  tha t  cer ta in  f lap ,  spoi le r ,  o r  je t  cont ro ls  would be more s u i t -  
able  than def lected f ins .  
The experimental data on which the discussion i s  based were obtained pr i -  
marily from f r e e - f l i g h t   t e s t s  of f i n - s t ab i l i zed  models incorporating these con- 
t r o l s .  The measurements were made near zero l i f t  and under essent ia l ly  s teady-  
s t a t e  r o l l  c o n d i t i o n s .  The corresponding theoretical  estimates of r o l l i n g  
effect iveness  were calculated by means of equation (4)  from r a t i o s  of t he  ca l -  
cu la ted   coef f ic ien ts  C z 6  and C The def lec t ion  6 i s  measured i n  t h e  
1P. 
4 
streamwise plane,  and the control roll ing moments a re  assumed t o  i n c r e a s e  
l inear ly  with def lect ion in  accordance with l inear  theory.  
Deflected  Fins 
In discussing control by means of f in  de f l ec t ion ,  an attempt will be made 
to  po in t  ou t  some e f f ec t s  of f i n  shape and aspect ratio on the s teady-state  and 
t r ans i en t  roll performance and t o  review the influence of f i n - f in  and fin-body 
interference.  
Effects  of planform.- The effect of deflected-fin shape i s  shown i n   f i g -  
P b / a  ure 2, where the steady-state rolling-effectiveness parameter - i s  p lo t t ed  
against  Mach number for several  f in arrangements.  It i s  noted that  var ia t ions 
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i n   f i n  shape f o r  a given aspect ratio 
a re  not  par t icu lar ly  s ign i f icant  inso-  
concerned. Sweeping back  the  rectan- 
g u l a r   f i n  produced noticeable improve- 
ments by smoothing out the abrupt var- 
Mach number. These var ia t ions   a re  
a t t r i bu ted  to  the  th i ck ,  sha rp -  
employed. 
.04 - f a r  as the  steady-state  performance i s  
"""_ - 
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8 i a t i o n s   i n  rolling effect iveness  with 
- Experlment (refs. 2 and 3) .o I " "_ Slender cruciform  wlng theory  (ref. 4) t ra i l ing-edge  a i r fo i l  sec t ions  
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M Effects  of f i n   a spec t   r a t io . -  
Fiaure 2 a l so  ind ica t e s  t ha t  t he  
Figure 2.- R o l l i n g  effectiveness of 
deflected fins. 
- 
s teady-s ta te  ro l l ing  e f fec t iveness  i s  
not  overly sensi t ive to  differences 
i n  a s p e c t  r a t i o  f o r  a given type of 
planform. This result i s  in accord with theory,  which shows that  while  the 
average induced pressures over a def lec ted  f in  increase  wi th  aspec t  ra t io ,  bo th  
t h e   r o l l i n g  and damping moments due to  these  pressures  increase  in  about  the  
same proportion so tha t  t he i r  r a t io  (o r  s t eady- s t a t e  he l ix  ang le )  remains about 
t he  same. (See refs.  4, 5 ,  6, 20, 21, and 22. ) 
Probably of greater importance i s  the influence of aspec t  ra t io  on t h e  
transient response of t h e  model. It will be recal led in  connect ion with equa- 
t i o n  ( 5 )  that  high damping-in-roll  coefficients were s ign i f icant  in  reducing  
the  time lag  to  achieve  the  steady-state ro l l  condi t ion .  T h i s  i s  demonstrated 
more c l e a r l y   i n   f i g u r e  3, which p resen t s  t he  ca l cu la t ed  ro l l  cha rac t e r i s t i c s  of 
a f in-s tabi l ized vehicle  as rectangular fins of progressively greater span and 
aspec t  ra t io  are attached. The f i n  area and def lect ion remain constant, no 
in te r fe rence  e f fec ts  are considered, and the mass of the vehicle i s  assumed t o  
be concentrated within the body of t he  model. A l l  charac te r i s t ics  are i n   t h e  
form of r a t i o s  r e l a t i v e  t o  t h e  f i n  on the  le f t .  Increas ing  the  aspec t  ra t io  
from 2 t o  10, o r  by a factor  of  5 ,  increased the rol l ing and damping moments by 
a f ac to r  of approximately 10. The s teady-state  hel ix  angle  remains essent ia l ly  
constant but t h e   r o l l  rate decreases as expected because of the increased span. 
5 
The t ime  l ag  to  a t t a in  s t eady- s t a t e  ro l l ,  meanwhile, was reduced by a factor of 
10 because of increased damping coefficient and span. If it  i s  desirable t o  
r ecove r  the  o r ig ina l  ro l l  rate with a l a rge r  con t ro l  de f l ec t ion ,  t hen  th i s  r a t e  
would be reached i n  one-tenth of the time by using the high-aspect-ratio rather 
than the low-aspect-ratio fins.  
A precautionary comment m i g h t  be added a t  this time regarding the method 
employed to  obta in  h igh  aspec t  ra t io .  For example, i n  app l i ca t ions  where a span 
increase i s  not  feasible ,  some improvement i n  response may be obtained by 
inc reas ing  the  f in  chord, even though aspect r a t i o  i s  reduced in  the  p rocess .  
Figure 4 i l l u s t r a t e s  t h e  r e s u l t  of t h i s  
constant span. The Mach number of 1 . 4  
8 design maneuver for   rectangular   f ins  of 
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F i w e  3 . -  Estimated effects of f i n  
aspec t  ra t io  on r o l l  performance 
a t   s e a   l e v e l  of a vehicle with 
four  f ins  of constant area. 
S = 0.444 sq f t ;  
I = 1/20 slug-ft2;  M = 1.4. 
Theory i s  from references 5 
and 6. 
A 
I 
Fraction of f in area  removed 
0 
I 
.5 1.0 
Figure 4.-  Estimated effects of f i n  chord 
on r o l l  performance a t  s e a  l e v e l  of a 
vehicle with four fins of constant span. 
Theory i s  from references 5 and 6. 
b = 2 / j  f t ;  I = 1/20 slug-ft2;  M = 1.4.  
and the basic vehicle are the same as 
i n  figure 3. By beginning with a small 
f i n  of high aspect  ra t io  and gradually 
adding more chord (moving from r i g h t   t o  
l e f t  i n  f i g .  4), the response time i s  
improved somewhat. In   the  process ,   the  
reduct ion  in  damping coefficient caused 
by reducing the aspect  ra t io  gradual ly  
o f f se t s  t he  bene f i t  of added area u n t i l  
a point  i s  reached where fu r the r  
increases  in  chord  a re  not  jus t i f ied .  
Further  calculat ions will show t h a t  
t h i s  "optimum" chord increases with 
Mach number. Thus, t h e  t r a n s i e n t  r o l l  
performance i s  s igni f icant ly  improved 
by employing h igher  f in  aspec t  ra t ios  
i f  f i n  area i s  not  sacr i f iced.  On the  
other  hand, increasing the f in  area and 
chord may improve the response even 
though aspec t  ra t io  i s  reduced i n   t h e  
process.  Probably a be t t e r  a l t e rna t ive  
to increasing the chord, when span i s  
l imited,  i s  to  inc rease  the  a rea  by 
adding more f i n s .  
Effects  of addi t iona l  f ins . -  Some 
idea of t he  manner i n  which more f i n s  
a f f ec t  t he  roll performance i s  provided 
by theory  in  f igure  5 .  (See  refs.  4 
and 8.) The v a r i a t i o n s  i n  moment coef- 
f i c i e n t  and steady-state helix angle 
with Mach number a re   ca l cu la t ed   fo r  a 
del ta-f in   configurat ion.  No body i s  
considered, and the fins are assumed 
t o  be of zero thickness. The  number 
of f i n s  i s  progressively increased 
from 2 t o  4 and then t o   i n f i n i t y   t o  
i l l u s t r a t e   t he   l imi t ing   ca se .  The 
sol id  curves  apply to  60° d e l t a   f i n s  
and the  dashed curves indicate the 
trend caused by a s l i g h t  i n c r e a s e  i n  
aspec t  ra t io .  Doubling the  number of 
f i n s  does not quite double the moment 
coefficients,  and therefore a progres- 
s ive ly  smaller gain can be expected 
with each addi t ional  f in  unt i l  the  
l imit ing case i s  a t ta ined .  In  a prac- 
t i ca l  ca se  the  l imi t ing  moments are 
-.8 
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Figure 5.- Estimated  effects  of  Increasing 
number of fins on the  rolling  moments 
and  effectiveness of deflected fins. No 
body considered;  coefficients  are  based 
on area of two fins.  Theory is from 
reference 8 and data  are from refer- 
ences 9 and 10. 
probably less than indicated here and are, no doubt, obtained with fewer f i n s  
because of the viscous effects and physical l imitations associated with fin 
thickness which theory does not consider. A s  the  number of f i n s  i s  increased, 
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more g a i n  i n  t h e  moment coefficients and response can be expected a t  higher 
Mach numbers, p a r t i c u l a r l y  when f i n  a s p e c t  r a t i o  i s  also increased.  The he l ix  
angle i s  seen t o  diminish somewhat as more f i n s  a r e  added, and again i n   t h e  
l imit ing case the level  actual ly  obtained i s  probably lower than predicted for 
reasons mentioned earlier. Unfortunately the available experimental data, 
which tend to bear out these predictions,  are l imited to cases of only 2, 3, or 
4 f ins .   (See  refs .  9, 24, and 26.) 
Ef fec ts  of body interference.-  
After examining the characterist ics of 
i so l a t ed  f in s ,  it might be appropriate 
t o  determine the effect  of body i n t e r -  
ference as t h e  body diameter 
approaches  the  total   f in   span.   In  
f igure  6, the  reduct ion  fac tors  for  
t he  moments and s teady-state  hel ix  
angle of a cruciform configuration are 
predicted by slender wing-body theory.  
(See  refs .  4, 23, 24, and 2 5 . )  These 
f ac to r s  a re  p lo t t ed  aga ins t  t he  r a t io  
of body diameter t o   f i n  span and a r e  
expressed i n  terms of the f in-alone 
charac te r i s t ics   wi th  no body. Notice 
that the presence of the body has 
l i t t l e  e f f e c t  u n t i l  it covers about a 
t h i r d  of the fin span. Above t h i s  
point  the rol l ing and damping moments 
of t he  de f l ec t ed  f in s  f a l l  off rap- 
i d l y .  The s teady-s ta te   ro l l ing   ve loc-  
i t y  i s  l e a s t   a f f e c t e d  by body i n t e r -  
ference; however, an  increase  in  
response  time  can  be  expected. If 
more f i n s  a r e  added, another theory 
suggests that  somewhat l a rge r  body 
diameters might be tolerated before 
the  body e f f e c t  becomes noticeable.  
(See ref .  8 . )  Whether t h i s  g a i n  i s  
s ign i f i can t  i n  view of the increased 
in te r fe rence  between f i n s  i s  
questionable. 
Deflected Flaps or Fin Segments 
Figure 7 shows the experimental 
va r i a t ion  of ro l l ing  e f fec t iveness  
with Mach number f o r  a t ra i l ing-edge 
f lap  of  a given area r a t i o  on f i n s  of 
different   shapes.  The f i n  span,  aspect 
are a l l  essentially constant,  and under 
i s  not  very s ignif icant .  Sweeping  back 
effectiveness only a t  subsonic speeds. 
Body diameter d 
F I ~  span ' T 
Figure 6 . -  Effect  of body on deflected- 
f i n   r o l l i n g  moments and effect iveness  
a s  p red ic t ed  by s lender  "ring-body 
theo ry  ( r e f .  4 ) .  
-"L..-Lp I 
O .4 .e 12 16 2.0 
M 
Figure 7.- Effects  of f i n  shape and Mach 
number on f lap  ro l l ing  e f fec t iveness .  
A = 4; Sc/S = 0.2; aluminum f i n s .  Data 
are from references 11 and 12. 
r a t i o ,  a i r f o i l  s e c t i o n ,  and construction 
these conditions the difference in shape 
the rectangular  f i n  tends to  reduce i t s  
The tendency of the data to  fo l low 
. . " . . . . . .  . 
curves of constant roll ra te  suggests  the use of f l aps  fo r  ob ta in ing  a uniform 
ro l l ing  ve loc i ty  a t  high speeds. 
The primary f i n  v a r i a t i o n s  which a f f e c t  f l a p  performance are thiclmess,  
section shape, aspect ratio,  sweep, and f l e x i b i l i t y .  The f lap  var iab les  na tu-  
rally include span, chord, and deflection. Most of the discussion of  f in  var i -  
a t ions  will be centered around full-span flaps of a given size or a r e a  r a t i o  
and the data will correspond t o  an equiva len t  r ig id  f in  in  order  to  d ivorce  the  
aerodynamic e f f e c t  of  these var ia t ions from those caused by s t r u c t u r a l  d i s t o r -  
t i o n  due to  f lap  loading .  The e f fec ts  of  increas ing  the  f lap  chord  and  f in  
f l e x i b i l i t y  will then be discussed. In a l l  cases ,  the f lap def lect ion will be 
defined as the angle in the streamwise plane between t h e  f l a p  mean l i n e  and the 
f i n  chord plane extended. 
Effects of f in thickness and 
section shape.- A t  the  top of  f igure 8 
some roll ing-effectiveness curves are 
shown f o r  a f l a p  on rectangular  f ins  
of different  thiclmesses  and thickness 
d is t r ibu t ions .  One t r e n d  t o  be 
observed i s  the progressive loss i n  
effect iveness  accompanying the  
inc rease  in  a i r fo i l  t h i ckness  from 3 
t o  12 percent of the  chord. (Compare 
the   so l id   curves . )  The curves  for 
t he  two 6-percent-thick fins reveal 
t ha t  l o s ses  are also caused by var ia -  
t ions   in   f lap   sec t ion   shape .  One 
method employed t o  account for both 
e f f ec t s  i s  t o  r e l a t e  t he  f l ap  e f f ec -  
t i veness  to  the  f l ap  t r a i l i ng -edge  
angle - the  angle  between the upper 
and lower surfaces near the trail ing 
edge.  (See  refs. 2 and 1 3 . )  The 
significance of this angle i s  demon- 
s t r a t e d  more c l ea r ly  i n  the  two p l o t s  
a t  t h e  bottom of figure 8. I n  t h e s e  
p lo t s ,  samples of data taken a t  two 
Mach numbers from tests of a var ie ty  
of section shapes and thicknesses show 
the  lo s ses  in  e f f ec t iveness  due t o  
large  trail ing-edge  angle.  A t  super- 
sonic speeds a good est imate  of  this  
loss i s  provided by the modified 
l inear  theory of  references 5 and 6. 
I n  f a c t ,  an extension of this theory 
to  de f l ec t ed  wedge-shaped f i n s  o r  
f laps  accounts  fa i r ly  w e l l  f o r   t h e  
b e t t e r  performance observed with 
simple wedge sections than with more 
conventional  shapes.  (See  refs. 3 
and 15. ) 
.03 r t / C  
.02 
pb/21/ ,o l  s 
Linear theory for .$ = Oa* 
-. 0 I I I I 
0 
I 
.4 .8 1.2 I .6 
M 
2 .o 
M =  0.93 M =  1.6 
'02 ["Experiment 
Modified  linear 
theory 
0 IO 2-0 0 
x 
IO 20  
Flap trailing-edge angle..$ 
Figure 8.- Effects of fin section thickness 
and shape on the rolling effectiveness 
of 0.2-chord flaps on rigid unswept rec- 
tangular fins. A = 4. Theory  is from 
references 5 and 6; data are from ref- 
erences 2 and 13. 
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Effects of f i n  aspect  ra t io  and sweep.- For deflected-fin controls, it will 
be  reca l led  tha t  increas ing  the  aspec t  ra t io  increased  both  the  ro l l ing  and  
damping  moments i n  about  the same proportion. For flaps, however, theory shows 
t h a t   t h e   r o l l i n g  moments increase less rapidly with aspect  ra t io  than do the  
damping moments. (See refs. 5 and 14.) Consequently,  the  helix angle or r a t i o  
of moments tends to  decrease as aspec t  ra t io  increases .  Theory fu r the r  shows 
t h a t  as the  Mach number increases the observed flow becomes more near ly  two 
dimensional so  tha t  t he  e f f ec t s  o f  a spec t  r a t io  become l e s s  pronounced. Experi- 
mental results i n  f i g u r e  9 i l lus t ra te  these  t rends  for  bo th  the  rec tangular  and  
t r i angu la r  f in  shapes .  In  e i the r  case  
.03 r 
.02 - 
.01- 
”. I _ .  
(a) 
I I I I I 
0 
J o i  I I I I 
0 
it can be seen tha t  increas ing  the  aspec t  
ra t io  of  the  f i n  reduces the rol l ing 
effect iveness ,  but  the differences 
become l e s s  prominent as the  Mach  num- 
ber  increases.  For  the  rectangular 
f in s ,  sweepback tends to  reduce the 
e f fec t  o f  aspec t  ra t io  on f lap  e f fec-  
t iveness  and t o  l eve l  o f f  t he  va r i a -  
t i ons  i n  effectiveness with Mach number. 
(See ref .  2 . )  
Ef fec ts  of increasing flap-chord 
r a t io . -  The va r i a t ion  of f lap  e f fec-  
t iveness  wi th  f lap  s ize  i s  considered 
next.  In  figure 10 the  f rac t ion  of  
ful l -chord effect iveness  i s  p lo t t ed  
aga ins t  the  f lap  chord  ra t io  a t  two 
Mach numbers. The experimental  points 
a p p l y  t o  f l a p s  on f i n s  of various 
shapes.  (See refs. 2 and 15. ) Two- 
dimensional or in f in i te -aspec t - ra t io  
theory i s  indicated by the dashed curves 
while three-dimensional theory for 
\,; -Linear theory 
,’.- . 
\ 
”” 
(C) I I I I I 
0 .4 .e 1.2 1.6 2.0 
M 
(a) cc/c = 0.2;  # = oO; rigid f i n .  
(b) cc/c = 0.2; $ = 00; 4 5 O  sweep; 
rigid fin. 
(c) S,/S = 0.2; # = 70; aluminum  fins. 
Figure 9.- Effects  of  aspect  ratio  on  flap 
rolling  effectiveness.  Theory is from 
references 5 ,  6, and 14; data are from 
references 2 and ll. 
A = 4  4 
Symbol: 0 0 0 A n 
Figure 10.- Fraction of full-chord  effec- 
tiveness  obtained  with flaps. Theory is 
from references 2, 5 ,  6, and 14; data 
are  from  references 2, 11, and 15. 
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rectangular  or  triangular  fins  with an aspect  ratio  of 4 is  shown  by  the  solid 
curve.  At  subsonic  speeds  narrow  flaps  are  quite  effective,  whereas  at  super- 
sonic  speeds  effectiveness is roughly  proportional  to  chord.  The  two  theoreti- 
cal  curves  at  supersonic  speeds  are  part  of  a  trend  which  accounts  for  the 
relatively  high  effectiveness  at l o w  supersonic  speeds  of small flaps  on  fins 
of very  low  aspect  ratio.  This  trend  becomes  less  pronounced  as  the  Mach  num- 
ber  increases. 
Deflected-tip  controls.- A  control  obtained  by  bending  up  the  fin  tip  is 
illustrated in figure 11. (See  ref. 14.) The theoretical  effectiveness  of  this 
device,  expressed  as  a  fraction  of  the  effectiveness  of  the  conventional 
deflected  fin,  is  indicated  by  the  curve  for  all  cases  in  which  the  fin  leading 
edges  are  supersonic.  The  experimental  points  for  two  test  cases  (see  ref. 11) 
are  shown  by  the  symbols.  The  control  deflections  are  again  measured in the
streamwise  plane.  Further  information  on  tip  controls  may  be  found  in  refer- 
ences 2, 29, and 30. 
Reversed-flow  controls.- Two other  controls  of  possible  interest  when 
reversed  flows  are  encountered  are  canards  and  leading-edge  flaps.  At  the  top 
of  figure 12 the  canards,  consisting  of small canted  surfaces  located  forward  of 
the  main  fins,  generate  a  downwash  field 
of  sufficient  strength  over  the larger. 
fins  to  cause  negative  roll.  Since A\ 24 
0 M.l.42 
\ 
0 M.2.0 
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Figure ll.- Relative effectiveness of 
deflected-tip segments with supersonic 
leading edges. Theory is from refer- 
ences 6 and 14; data are from refer- 
ences 2 and 11. 
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(a) 6 = 6'; Sc/S = 0.05. 
(b) 6 = 5 O ;  CC/c = 0.15. 
Figure 12.- Canards and leading-edge flaps 
as reversed-flow controls; references 4, 
15, and 28. 
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surfaces of th i s  type  per form in  the  
regular manner in  reversed f low,  as 
shown  by t h e  estimated curve (refs. 4 
and l5), it i s  possible for them t o  
produce roll i n  t h e  same di rec t ion  in  
e i t h e r  normal or reversed  flow. The 
leading-edge flap i n  t h e  lower p lo t  
a l s o  seems promising over a l imited 
Mach number range.  (See  ref. 28.) 
4 0 1  
I Al t i tude,  f t  
40r-  
Effects  of f i n  f l e x i b i l i t y . -  I n  
the preceding discussion of the aero- 
dynamic cha rac t e r i s t i c s  of f laps ,  the  
assoc ia ted  f ins  were e s sen t i a l ly  
r ig id .  It might  be  of i n t e r e s t  t o  
have some idea of t he  lo s ses  in  
ro l l ing  e f fec t iveness  due t o  t w i s t i n g  
of t h e  f i n  by flap loads concentrated 
a long   t he   t r a i l i ng  edge.  (See 
In this connection the calculated 
losses  due t o  f l e x i b i l i t y  a r e  p r e -  
s en ted  in  f igu re  13 for  the  case  of a 
t ra i l ing-edge f lap on an unswept rec- 
tangular  f in .  The r e s u l t s  are p lo t t ed  
against  Mach number t o  show the  
e f f ec t s  of a l t i t ude ,  f i n  th i ckness ,  
f i n  a spec t  r a t io ,  and f in  cons t ruc t ion  
mater ia l .  A s  m i g h t  be expected,  the 
losses  a t  a l t i tude  a re  less  because  
of  the  lower dynamic pressure q.  A 
study of  the other  three plots  indi-  
ca tes  tha t  wi th  steel  f i n s   a t   l e a s t  
6 percent  thick the losses  a t  sea 
level  over  t h i s  Mach number range can 
be kept down t o  about 3 percent for  
the aspect-rat io-2 f ins  and to  about  
10 percent for the  aspect-rat io-  
4 f i n s .  I f  sweepback i s  also incor-  
porated,  losses somewhat higher than 
those shown here may be expected 
because of the additional fin-bending 
d i s to r t ion  ( r e f .  32 ) .  
re fs .  9, 16, 27, 32, 33, 34, and 35.) 
I Thickness,  percent 
- 
c 
m 
40 
r Aspect  ratio 
4c 
C 
/ 
Aluminum 
Steel 
(d l  ,-, 
2 3 I M 
(a )  S tee l ;  A = 2; t / c  = 0.03. 
(b)  Steel ;  A = 2; sea level .  
( c )  S t ee l ;  t / c  = 0.06; sea level .  
(d)  A = 4; t / c  = 0.06; sea level .  
Figure 13.- Losses in  ro l l i ng  e f f ec t iveness  
due t o  f i n  f l e x i b i l i t y  f o r  0.2-chord 
t ra i l ing-edge  f laps  on unswept rectangu- 
lar  f i n s  ( r e f s .  6 and 16 ) .  
Effects of body shape.- The last  po in t  t o  be discussed in connection with 
flaps '  i s  the possible  effect  of  body shape on roll ing effectiveness.  Figure 1 4  
shows the  results of a t e s t  made a t  zero l i f t  i n  which the  body shape was modi- 
f i ed  wh i l e  f l ap  s i ze  and body volume were maintained constant. (See ref. 13. ) 
There was no s ign i f i can t  change i n  t h e  steady-state helix angle;  however, again 
the steady-state helix angle i s  merely a r a t i o  of moment coefficients and gives 
no ind ica t ion  of  the  ac tua l  e f fec t  of body shape on t h e  magnitude of t he  moments 
12 
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Figure 14.- Effect  of a change in body shape 1 N aiZFW///////J: J - on  flap  rolling  effectiveness. 80' delta s' 
fins; sc/s = 0.10. Data  are  from  refer- 
and 14. 
ence 13; theory is from  references 6 . I -  
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deflected  fln- --' ; .05 
I' ,-.02 
involved. It m i g h t  be added t h a t  t h i s  
modification  yielded  substantial  drag 0 
(b) J 
reductions. . I  
. . .  
t / C  
Spoiler Controls 
0 
A t  the  top of f igure  15 i s  a 
.4 .8 1.2 1.6 2.0 
. M  
sketch of a fin-spoiler arrangement 
which i l l u s t r a t e s   t h e  approximate (a)  h/c = 0.02. 
loading imposed on t h e   f i n  by the  
spoi le r  and the  resu l tan t  d i rec t ion  
of posi t ive r o l l .  (e) h/c = 0.02; X/C = 0.8. 
(b) = 0.8. 
Effects  of  chordwise locat ion.-  
Figure 15.- Spoiler  characteristics on 
unswept  rectangular  wings  (refs. 17, 18, 
On the   bas i s  of  this  sketch,   an and 19). 
improvement in  effect iveness  might be 
expected i f  the  spoi le r  were moved t o  t h e  r e a r  so that  l e s s   f i n   a r e a  would be 
exposed t o  the negative pressures behind the spoiler. The data  presented in  
the  upper p lo t  of f igure  15 show  some gain through this maneuver, pa r t i cu la r ly  
at transonic speeds. Probably more s igni f icant  i s  the  ind ica t ion  tha t  spo i l e r  
locations near the midchord would produce roll i n   t h e  same d i rec t ion  in  reversed  
flow. This suggests their  use in applications where such flows are encountered. 
Effects  of spoiler height.-  One disadvantage of spoilers located forward 
o f  t he  t r a i l i ng  edge i s  the i r  i ne f f ec t iveness  a t  low projections.  (See refs.  36, 
37, 38, and 42.) In  some cases  reversa ls  in  roll have  been  reported. An ind i -  
cation of t h i s  t r e n d  a t  subsonic speeds i s  shown by the  bottom curve i n   t h e  
center  p lo t  of f igure  15. This characterist ic has been associated with a reat- 
tachment of t h e  flow t o   t h e   f i n   s u r f a c e  behind the spoiler,  which apparently 
occurs ,  par t icular ly  on t h i c k  f ins ,  when the  spoi le r  i s  lower than a c r i t i c a l  
height. I n  reference 37 t h i s  c r i t i c a l  h e i g h t  h a s  been re la ted  to  the  angle  
between the  f in  su r face  and a l ine  connec t ing  the  f in  t ra i l ing  edge with the 
top of  the spoi ler .  Moving t h e  s p o i l e r  t o  t h e  rear or increasing i t s  height 
generally improved the  s i tua t ion .  (See  re fs .  15, 36, 37, and 42. ) 
E f f e c t s  o f  f i n  t h i c h e s s . -  I n  t h e  lower p a r t  of figure 1.5, changes i n  f i n  
thickness are shown t o  have l i t t l e  e f f ec t  fo r  t he  ze ro - l i f t  ca se  cons ide red .  
(See ref .  36.) There i s  some evidence that  spoi ler  effect iveness  i s  maintained 
to  higher  angles  of  a t tack on t h e  t h i c k e r  a i r f o i l  s e c t i o n s ;  t h i s  i s  pa r t i cu la r ly  
t r u e  a t  subsonic speeds. 
Ef fec ts  of  f in  f lex ib i l i ty . -  In  connec t ion  wi th  th in  wings which t e n d   t o  be 
r a the r  flexible, it has been found tha t  t he  lo s ses  due t o   f l e x i b i l i t y   a r e   l e s s  
with spoi lers  than with t ra i l ing-edge f laps .  This  m i g h t  be expected from the  
sketch a t  the top of figure i5, which shows a more favorable distribution of 
loads over  the f in  than i s  generally observed with flaps. A s  a r e s u l t ,  t h e  
twis t ing  moments and f in  d i s to r t ions  a re  usua l ly  small for  spoi lers .  (See 
r e f .  43.) 
Effects of spoiler shape.-  Some 
comments  on spoiler shapes which tend 
t o  reduce the drag penalty are i n  
order.  Figure 16 compares the   e f fec-  
t iveness  of  the plain t ra i l ing-edge 
spoiler with that of a ramp having 
the  same height but one-half the 
incremental   drag.  (See  ref.  15. ) 
The drag of  the plain spoi ler ,  inci-  
dentally,  nearly doubled the drag of 
the basic cruciform wing-body combi- 
nat ion.   Locat ing  the  plain  spoi ler  
forward of the trail ing edge caused 
negative roll, probably for reasons 
mentioned ear l ier .   This   should 
a f f e c t  o n l y  t h e  r o l l  s e n s e  i n  
reverse-flow  applications.  
Air-Jet  
0 Deflected fin, S=2" 
Spoiler at x / c  = 1.00, experimental 
- Spoiler at x / c  = 1.00, estimated 
Spoiler at x / C  =0.85 
Ramp  (same  height as spoiler) 
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~ - _ _  
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Figure 16.- Spoilers on BOo delta wings; 
h/c, = 0.008. See reference 15 .  
Devices 
The last  control  to  be discussed i s  the  je t  device .  A number of t e s t s  have 
shown tha t  the  to ta l  force  obta ined  wi th  je t s  in  combina t ion  wi th  f ins  may 
exceed the pure reaction force by a subs t an t i a l  margin. (See refs. 44, 45, and 
51. ) 
Effects of chordwise location.- In most cases ,  the  je t  cont ro l  has  con- 
sisted simply of a number of closely spaced holes dril led i n  the  f i n  surface 
and connected by a manifold or duc t  w i th in  the  f in  to  i n l e t s  or some externa l  
source of a i r ;  The j e t  e f f ec t iveness  has  been found t o  be roughly proportional 
t o  flow rate, and trail ing-edge locations seem t o  be the  most sa t i s fac tory ,  
although more forward  pos i t ions  a re  a l so  sa t i s fac tory  for  swept rectangular 
f ins .  
Effects of blowing direction.- 
Some idea  of  the  poten t ia l  o f  je t s  as 
a roll control  can be derived from 
f igure  17. A i r  obtained from  simple 
scoop i n l e t s  was blown e i t h e r  normal 
t o  the  f in  su r face  from a row of  or i -  
f i c e s  or i n  a spanwise direction from 
a t tached   in le t   s tores .  The normal 
blowing arrangement appears t o  be the 
most effect ive,  a l though the s tore  
arrangement may be the  most p r a c t i c a l  
f o r  some designs. The j e t  con t ro l s  
i .I 2 9 .04 
0 
Inlet-. . 
A 
t e s t ed  were not  very  e f f ic ien t  in  
comparison with deflected fins, but 
some gains are possible through 
increas ing  the  s ize  of  the  in le t  or 
using an auxiliary high-energy source of gas.  In the test  case,  the inlet  and 
o r i f i c e  areas were equal. The i n l e t s  occupied approximately 6 percent of the 
f ron ta l  a r ea  of the cruciform-fin model. The estimated thrust-force magnifica- 
t ions obtained with the jets blowing normal to  the  su r face  were about 10 a t  sub- 
sonic speeds and 3 a t  supersonic speeds. 
Figure 17.- In le t - je t  devices  on 80° del ta  
wings from reference 15. 
CONCWDING REMARKS 
A r a the r  b r i e f  summary of t he  pu re  ro l l  performance of several control 
devices has been presented. The se lec t ion  of any one con t ro l  i n  p re fe rence  to  
the others  appears  to  be la rge ly  a matter of designer’s choice, with some 
exceptions depending on the  roll requirements i n  a given s i tuat ion.  
Langley Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 
Langley Field,  V a . ,  December 12, 1956. 
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